As a tumor suppressor protein, the inhibitor of growth 4 (ING4) has an important role in many cellular processes including cell cycle progression, proliferation, apoptosis, DNA damage response, tumor angiogenesis and contact inhibition. Here, we report that ING4 functions as an E3 ubiquitin ligase to induce nuclear factor-kB (NFkB)/p65 degradation. The plant homeodomain finger of ING4 interacted with p65 to undergo robust ubiquitination and degradation. ING4 bound to p65 and delivered the Lys-48-linked polyubiquitin to Lys-62 residue of p65, leading to ubiquitination of p65 and degradation. Lys-62 residue of p65 was required for ING4-mediated ubiquitination of p65 and degradation. Further analysis shows that C239 of ING4 was critical for ING4-induced p65 degradation. These findings demonstrate that ING4 acts as an E3 ubiquitin ligase to induce ubiquitination of p65 and degradation, which is critical to terminate NFkB activation.
INTRODUCTION

The inhibitor of growth (ING) family is comprised of five proteins (ING1-ING5).
1 As a member of the ING family, ING4 has an important role in many cellular processes including cell cycle progression, proliferation, apoptosis, DNA damage response, tumor angiogenesis and contact inhibition. [2] [3] [4] [5] [6] [7] The mRNA expression of ING4 is frequent deletion and decreased in head, neck squamous cell carcinomas, as well as breast cancer cells. 7, 8 Mutation of ING4 has been found in several cancer lines, 7, 9 suggesting that deletion or mutation of ING4 may promote tumor growth. In addition, the other three splice ING4 variants are identified that increase cytoplasmic localization because of lack of nulcear location signal (NLS), therefore, these proteins may not function correctly. 10 ING4 interacts with p53, nuclear factor-kB (NFkB)/p65, HIF prolyl hydroxylase-2 (HPH2), tri-methylated histone H3 at lysine 4 (H3K4me3) to regulate gene expression or chromatin remodeling. 9, [11] [12] [13] [14] The NFkB family is made up of fewer members including p50, p52, p65/RelA, c-Rel and RelB that have a central role in cell growth, inflammation, immunity, apoptosis and activation of NFkB pathway depends on stability of the inhibitor known as IkBa. [15] [16] [17] IkBa phosphorylates at two serines (Ser-32 and Ser-36), which leads to its rapid ubiquitin-dependent proteolysis and translocation of free NFkB to the nucleus. 18, 19 However, NFkB activation can also be terminated in the absence of IkBa because NFkB/p65 is ubiquitinated and degradation, 20 suggesting that ubiquitin proteasome pathway is involved in inhibition of NFkB activity. It has been reported that several E3 ubiquitin ligases appear to have essential role in inducing NFkB/p65 degradation. [21] [22] [23] ING4 has been shown to inhibit NFkB target genes expression, thereby attenuating tumor angiogenesis and growth in glioma, 9, 11 in breast cancer, 24 as well as ING4 negatively regulates the cytokine-mediated inflammatory response in mice by facilitating NFkB activation of IkB promoters. 25 However, the molecular mechanism of ING4 inhibits NFkB/p65 is still unclear.
Here, we report a novel function of ING4, which acts as an E3 ubiquitin ligase to induce NFkB/p65 proteasome-dependent degradation leading to inhibit NFkB activation.
RESULTS
ING4 induces p65 degradation
Although ING4 is mainly nuclear protein, some reports show that ING4 is present in cytoplasm and nucleus in vitro 26 or in vivo. 27 To detect the functional role of cytoplasm and nuclear ING4 on p65 effect, HT29 cells (express very low endogenous ING4 protein compared with HEK293T cells, Figure 1a) were transfected with Flag-ING4 plasmid. The results show that ING4 decreased p65 protein levels in cytoplasm and nuclear (Figure 1b ), suggesting that ING4 has similar functional role in cytoplasm and nuclear. To further analyze if this degradation is associated with proteasomaldependent degradation, cells were treated with MG132 (proteasome inhibitor) resulting in increased p65 levels (Figure 1c) . Importantly, overexpressing ING4 did not affect p65 mRNA expression (Figure 1d ). These results suggest that proteasomemediated p65 degradation in response to ING4. To investigate the regulation of p65 expression under steady-state conditions, ING4 small hairpin RNA (shRNA) silenced HEK293T cells were treated with cycloheximide (CHX) to inhibit protein synthesis, the results show that silenced ING4 led to increase p65 protein half-life (Figure 1e ). Similar results were observed that overexpression of ING4 in HT29 cells led to significantly decrease the half-life of the p65 protein (Figure 1f ). These results suggest that ING4-induced p65 proteasome-dependent degradation. In response to stimuli, IkBa phosphorylation leads to its rapid degradation and translocation of free NFkB/p65 to the nucleus, subsequently activate NFkB signal. 18, 19 Further analysis shows that silenced ING4 in HEK293T cells led to increase nuclear p65 protein levels in response to TNF-a (Supplementary Figure 1a) , which was consistent with increased NFkB activation (Supplementary Figure 1b) .
Our data showed that ING4-induced p65 degradation in cytoplasm and nuclear, so we next detected that if deleted nuclear location signal (NLS, D127-132aa) 10 Figure 2d) . These findings revealed that ING4 inhibited NFkB activation by inducing p65 proteasome-dependent degradation.
ING4 interacts with p65
Under basal conditions, ING4 is physically bound to p65 (Figure 2a) , which is consistent with previous report, 11 however, it is still unclear the precise mechanism of ING4 interaction with p65. To determine the specific fragment of ING4 binding to p65, glutathione S-transferase (GST) pull-down analysis shows that truncated plant homeodomain (PHD) domain of ING4 led to abolish the interaction of ING4 with p65 (Figure 2b) , that was consistent with GST-PHD alone binding to p65 ( Supplementary  Figure 3a) , suggesting that PHD domain was required for binding to p65. To further determine the specific region of p65 that interacted with ING4, the mutant of p65 was performed. Our results show that ING4 interacted with the rel homology domain but not with fragments 307-551 (Figure 2c, Supplementary  Figure 3b ). The in vitro binding analysis further demonstrated that ING4 directly bound to p65 (Figure 2d ).
ING4 functions as E3 ligase to induce ubiquitination of p65
We demonstrated that ING4 induced p65 proteasome-dependent degradation, but still unclear ING4 how to induce p65 degradation. Previous report shows that PHD domain has E3 ubiquitin ligase activity, 28 and ING4 contains one PHD domain in the C-terminal. Therefore, to detect if the PHD domain of ING4 contains E3 ubiquitin ligase activity, the in vitro ubiquitination analysis was performed using bacterially expressed recombinant human ING4 along with different E2 (UbcH3, UbcH5a, b, c) in reaction buffer as described in experimental procedures. Our results revealed that UbcH3, but not UbcH5a/b/c was critical for ING4-mediated polyubiquitin formation ( Figure 3a) . The PHD domain possesses conserved cysteine residues, which is crucial for its E3 activity. 29, 30 To determine if the mutant of conserved cysteine residues will terminate ING4 E3 ubiqutin ligase activity, the C199 or C239 of ING4 was replaced with Ala by site directly mutagenesis method. Our results show that C239A not C199 of ING4 led to decrease ING4-mediated polyubiquitin formation ( Figure 3b) . Moreover, our studies show that purified ING4 interacted with UbcH3 ( Figure 3c ) and significantly induced the ubiquitination of p65, whereas the C239A mutant in the PHD domain did not ( Figure 3d ).
Several lines of evidences demonstrate that while Lys(K)63-linked chains target proteins for ubiquitination, K48-linked chains target proteins are destined for proteasomal-mediated degradation. 31 Even though we have demonstrated that ING4 functions as an E3 ubiquitin ligase to induce the ubiquitination of p65, it was still not clear which lysine-linked polyubiquitin targeted the p65 protein. To address this, HT29 cells were co-transfected with hisp65 and ING4. p65 protein was purified by Ni-NTA column and analyzed by liquid chromatography coupled with tandem mass spectrometry (LC/MS/MS). Our results show that ING4-induced K48-linked chains targeted p65 (Supplementary Figure 4) that was confirmed using a K48 mutant (Figure 3e ), suggesting that K48-linked polyubiquitin was critically important for ING4-mediated regulation of p65.
C239 of ING4 is required for ubiquitination of p65 and degradation
The in vitro ubiquitination analysis shows that C239 is critical for PHD E3 ubiquitin ligase (Figure 3b (Figure 4g ), suggesting that M209 did not affect ING4 E3 ligase activity.
As E3 ubiquitin ligases catalyze and deliver polyubiquitin to lysine site of the target protein. 29, 30 Although we have demonstrated that ING4 induced ubiquitination of p65, it is still unclear which lysine site of p65 is polyubiquitin target. To identify the polyubiquitin target lysine residue in p65, lysine residues of p65 were replaced with arginine, and the mutant plasmids were co-transfected with ING4 into HT29 cells. NFkB luciferase assay showed that Lys-62R of p65 did not inhibit NFkB activation in response to ING4 (Figure 5a ), which was consistent with the observation that ING4 did not reduce p65 protein levels by western blot analysis (Figure 5a ). To further detect the effect of K62 on ubiquitination of p65 and degradation, HT29 cells were transfected with ING4, together with his-p65 or his-p65/k62R plasmids, respectively. The results show that Lys-62R did not induce ubiquitination of p65 (Figure 5b ) and degradation ( Figure 5c ). We further detected endogenous ING4 on the effect of K62R/p65 protein levels, HEK293T cells (express high levels endogenous ING4 protein levels, Figure 1a) were transfected with his-p65 or K62R plasmids. The results show that K62R significantly increased the half-life of p65 protein levels compared with WT (his-p65) (Figure 5d ). These findings suggest that Lys-62 of p65 was the site of polyubiquitin target in response to ING4.
DISCUSSION
As tumor suppressor, ING4 inhibits NFkB target gene expression in glioma 9, 11 or in breast tumor cells. 24 ING4 has been shown to negatively regulate the cytokine-mediated inflammatory response in mice by facilitating NFkB activation of IkBs promoters. 25 IkBs interaction with NFkB complex to inhibit their nuclear translocation or the IkBs-mediated nuclear export of the NFkB complex appears to be the central mechanism terminating NFkB signaling. [15] [16] [17] In addition, ubiquitin proteasome-dependent degradation of the NFkB/p65 is also important for efficient and prompt termination of NFkB activation. 20 In the proteasomedependent degradation signal process, ubiquitin E3 ligases have a critical role in substrate recognition and polyubiquitin transferring to substrate. 29, 30 Many RING finger domains function as E3 ubiquitin ligases to target substates and induce their ubiquitination and degradation. 29, 30 The nuclear E3 ubiquitin ligases PDLIM2 and COMMD1 inhibit NFkB activation by inducing nuclear p65 degradation. [21] [22] [23] Although ING4 inhibits NFkB/p65 activation, 9, 11, 24, 25 while the precise mechanism of ING4 on NFkB/ p65 effect is not clear. HECT or RING/U-box domains are the major types of E3s in eukaryotes, 29 but LIM and PHD domain have been shown to act as E3 ubiquitin ligase activity. 21, 29, 32, 33 ING4 contains PHD domain, and the in vitro ubiquitination shows that PHD domain of ING4 had E3 ubiquitin ligase activity and directly bound to p65 to induce it ubiquitination and degradation. Although the conserved cysteine of PHD domain is crucial for its E3 activity, 29, 30 while our results show that only C239 site of PHD domain was essential for ING4-mediated ubiquitination of p65 and degradation. These findings further demonstrated that PHD domain can function as an E3 ubiquitin ligase, and also identified a novel function of ING4. Although evidences suggest that Lys-63-linked chains target proteins for ubiquitination, while Lys-48-linked chains target proteins for proteasome-mediated degradation, 31 however, investigations show that all the other lysine (Lys-6, Lys-11, Lys-27, Lys-29, Lys-33, Lys-48) linked chains target protein undergoing proteasome-dependent degradation, 34 we further found that Lys-48-linked polyubiquitin targeted p65 by LC/MS/MS analysis. It is known that E3 ubiquitin ligases cause the attachment of ubiquitin to a lysine of the target protein. 29, 30 To detect which lysine is polyubiquitin target site, 18 lysine sites of the p65 protein were mutated respectively. We further identified the lysine 62 of p65 was polyubiquitin target site in response to ING4. These findings suggest that ING4 functions as an E3 ubiquitin ligase to terminate NFkB/p65 activation by inducing it proteasome-dependent degradation.
It has been reported that whole-cell extracts from WT and ING4-null macrophages (nonstimulated) lead to increased p65 protein levels, 25 which is consistent with our findings that silence means all the lysines of ubiquitin were replaced with Arginine (R). Cell lysates were subjected to Ni-NTA pull-down and western blot. Cells were treated with 10 mM MG132 for 6 h before cell lysis.
of ING4 resulted in increased p65 protein levels. In addition, ING4-null macrophages treated with LPS lead to increase nuclear p65 protein levels compared with WT, 25 which is also agreement with our findings that silenced ING4 led to increase nuclear p65 protein levels in response to TNF-a (Supplementary Figure 1a) . Our results have demonstrated that ING4 is an E3 ubiquitin ligase, these findings revealed a new mechanism for ING4 to inhibit NFkB activation by inducing p65 proteasome-dependent degradation. Previous report shows the truncated M209 of ING4 does not inhibit NFkB activity. 11 As M209 is in the PHD domain (Figure 2a ), so M209 was truncated. But our results show that ING4/DM209 still induced ubiquitination of p65 and degradation (Figure 4d and e) and inhibited NFkB activation (Figure 4f ), suggesting that M209 of ING4 did not affect ING4 E3 ligase activity. These inconsistent findings maybe result from different cell lines or conditions. Taken together, our findings demonstrate that ING4 acts as an E3 ubiquitin ligase to induce ubiquitination of p65 and degradation, which is critical to terminate NFkB activation.
MATERIALS AND METHODS
Cell culture, plasmids and antibodies HT29 and HEK293T cells were maintained in 10% fetal bovine serum with Dulbecco's modified Eagle's medium. Human p65 or rel homology domain NFkB/p65 ubiquitin-dependent degradation Y Hou et al complementary DNA (cDNA) was subcloned into PEBG vector. Human histag p65 cDNA was subcloned into pcDNA3 vector. Human ING4 cDNA (Gene Bank accession number AF156552) or PHD cDNA was subcloned into PEBG vector. Human Flag-tag ING4 cDNA was subcloned into pcDNA3 vector. HA-tag ubiquitin cDNA was subcloned into pcDNA3 vector. Plasmids were mutated by the QuikChange site-directed mutagenesis method, and were identified by DNA sequencing. Plasmids were transfected by LipfectAMINE2000 (Invitrogen, Changning, Shanghai, China). Control or ING4 shRNA (Santa Cruz, Santa Cruz, CA, USA). The GST, ING4, p65, his, Flag, HA, Ubiquitin (P4D1) antibodies were purchased from Santa Cruz.
Immunofluorescence
Cells were fixed for 15 min with 4% paraformaldehyde, blocked with 10% goat serum in phosphate-buffered saline for 1 h and reacted with diluted primary antibody for overnight at 4 1C. After incubation, cells were washed extensively with phosphate-buffered saline, incubated with the appropriate secondary antibody diluted for 1 h at room temperature, and washed three times with phosphate-buffered saline. Immunostained cells were viewed in a confocal microscope.
Ni-NTA pull-down Cells were washed with cold phosphate-buffered saline and lysed in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 8 M Urea, PH 8.0), and spun down and the supernatant was subjected to Ni-NTA pull-down. Sequentially, beads were washed with buffer A (10 mM Tris-HCl, pH 8.0, 50 mM NaH 2 PO 4 , 10 mM imidazole) twice and then buffer B (10 mM Tris-HCl, pH 6.3, 50 mM NaH 2 PO 4 , 10 mM imidazole) twice and finally eluted with 250 mM imidazole, pH 8.0.
LC/MS/MS
HT29 cells were transfected with his-p65 and ING4. Cell lysates were subjected to Ni-TNA column purification, SDS-polyacrylamide gel electrophoresis, Coomassie Brillant Blue stain, the ubiquitinated p65 gel bands were excised and analyzed by LC/MS/MS. The MS-MS data were analyzed using SwissProt database search tool.
In vitro ubiquitination assay ING4 or p65 cDNA was subcloned into PGEX-6P-1 vector. GST-ING4 or GST-p65 was expressed in E. coli strain BL21. The recombinant protein was purified by glutathione-conjugated sepharose beads (Amersham Biosciences, Piscataway, NJ, USA). Polyubiquitin formation assay contained 50 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , adenosine triphosphate-regenerating system, 0.2 mM dithiothreitol, 50 mM ZnCl 2 , E1 (0.1 mM; Boston Biochem, Cambridge, MA, USA), E2 (UbcH3, UbcH5a/b, c, 0.4 mM), Ub (5 mg), 10 ng ING4 (WT, C199A or C239A mutant). Reactions were incubated at 30 1C for 2 h and were terminated by EDTA (10 mM). The ubiquitinated products were detected by immunoblotting using an ubiquitin antibody. Ubiquitination of p65 assay contained 50 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , adenosine triphosphate-regenerating system, 0.2 mM dithiothreitol, 50 mM ZnCl 2 , E1 (0.1 mM; Boston Biochem), UbcH3 (0.4 mM), Ub (5 mg), p65 (10 mg) and 10 ng ING4 (WT or C239A mutant). Reactions were incubated at 30 1C for 2 h, the ubiquitinated products were detected by immunoblotting with p65 antibody.
GST pull-down, immunoprecipitation, subcellular fractionation and western blot analysis Cells were collected and lysed in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1% Nonidet P-40, 1 mM Na 3 VO 4 , protease inhibitor cocktail (Sigma, St Louis, MO, USA)). GST pull-down analysis was performed using the profound pull-down kit (Thermo Scientific, Waltham, MA, USA). Lysates were immunoprecipitated overnight at 4 1C with the appropriate primary antibody, and then added proteinA/G (Santa Cruz) for 4 h at 4 1C. Subcellular fractionation was performed as described previously. 35 The samples were subjected to 10-20% gradient SDS-polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, then probed by western blot analysis with the indicated antibody and developed by using an ECL Kit (Amersham Biosciences). 
NFkB reporter assay
Cells were transfected with NFkB-luc and Ptk-RL, plus various plasmids, respectively. Cell lysates were assayed by using a dual luciferase report assay system (Promega, Madison, WI, USA).
Soft agar assay HT29 cells were transfected with pcDNA3, ING4, ING4/C239A plasmids, respectively; cells were selected with G418. HEK293 cells were transfected with control shRNA or ING4 shRNA, respectively. Cells were selected with puromycin. Stable expression various plasmids cell lines were seeded at a density of 1 Â 10 5 cells per 60-mm cell culture dish in 0.3% agar and cultured for 2 weeks at 37 1C under 5% CO 2 . Dishes were stained with 0.05% crystal violet for 2 h at room temperature and colonies were counted in the entire dish.
Statistical analysis
Values are expressed as the mean ± s.e.m. Statistical comparison was carried out with one-way analysis of variance and Dunnett's test. Significance was defined as Po0.05.
